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(57) Abstract 

An optical interference filter hav- 
ing high transmissivity at first and second 
passbands. The interference filter com- 
prises a first stack having a plurality of 
dielectric layers, a second stack having a 
plurality of dielectric layers, and a spacer 
interposed between the first and second 
stacks. Each of the dielectric layers in- 
cluded in the first and second stacks have 
optical thicknesses which vary quadrati- 
cally. The dielectric layers have alternat- 
ing high and low refractive indices. 
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FJEJ JB QE THE INVENTION 

The present invention relates generally to optical interference filters. More 
particularly, the present invention relates to a dual bandpass optical interference filter 
capable of transmitting optical channels within a first and second passbands. 
r a ryr.POTTND OF THE INVENTION. 

Optical interference filters rely on principles of interference that modify reflected 
intensities of light incident on a surface. A familiar example of interference is the colors 
created when light reflects from a thin layer of oil floating on water. Briefly stated, by 
modifying the interface of a substance and its environment with a third matenal, 
reflectivity of the substance can be significantly altered. This principle is used in the 
fabrication of optical interference filters. These filters can be used as one of, or as the 
main filtering element in optical add/drop multiplexers employed m optical 
communication systems to select one or more channels from a transmission signal. 

In its most simple form, an optical interference filter includes a cavity which is 
comprised of two partial reflectors separated by a spacer. Each partial reflector, also 
referred to as a quarter-wave stack, is typically constructed by depositing alternating 
layers of high and low refractive index dielectric materials upon a substrate where each 
layer has an optical thickness (defined as: physical thickness x refractive index) of a 
quarter wave (X/4) at the desired wavelength of the filter. The spacer is typically a half- 
wave (or multiple half-wave) layer. An interference filter has an associated transmission 
characteristic which is a function of the reflectance of the layers of high and low index 
materials associated with the stack. 

In many applications, optical interference filters are constructed using multiple 
cavities. Typically, cavities are deposited on top of other cavities, with a quarter-wave 
layer of low index material therebetween. Multicavity filters produce transmission spectra 
that are preferred in optical communication systems where sharp slopes and square 
passbands are needed to select one or more optical channels. The larger the number of 
cavities employed, the steeper the slope of the transmission bandwidth associated with a 
particular filter. The transmission bandwidth of a multicavity filter is wider as compared 
with the transmission bandwidth associated with a single cavity filter. 

FIG 1 illustrates an exemplary transmission spectrum (normalized to 1.55 urn) for 
a quarter-wave stack having a plurality of high/low refractive index dielectric layers . The 
stack is tuned to reject wavelengths in the 1 .Sum range and exhibits ripple sidelobes 
referenced at 5. 
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FIG: 2 is an exemplary transmission spectrum (normalized to 1.55 pm) for a 
single cavity optical interference filter utilizing a pair of stacks each having the 
transmission spectrum shown in Fig. 1. As can be seen in FIG.2 the transmission response 
is acceptable at which corresponds to 1.55pm (XA,=1.55pm/1.55pm). However, 

5 the response at .845 which corresponds to approximately 1.31pm (X/X^l.3 W1.55pm) 
falls on the sideband and/or within the ripple band of the transmission spectrum, thereby 
making transmission of a particular wavelength in this range unreliable. More 
specifically, the single cavity interference filter produces high transmittance at 
wavelengths referenced at 10, but also produces relatively low transmittance as referenced 
10 at 15 Thus, transmission at wavelengths in the 1 .5pm range may be reliable while 
transmission for wavelengths within the ripple band or sideband slope are subject to 
variations in the transmission characteristic. This is also true for wavelengths in the 
1.6pm range (X/X 0 =1.62pm/1.55um). FIG. 2 demonstrates that interference filters 
typically provide a single reliable passband. 
15 " As noted above, optical systems can utilize one or more interference filters to 
select particular channels from a transmission signal. For example, a first filter may be 
used to select a pay-load channel associated with voice and/or data transmission in the 
1 5pm range and a second filter is used to select a service channel in the 1.3pm or 1.6pm 
range which carries system level and/or network monitoring information. The use of two 
20 separate filters, however, has several disadvantages. First, it increases overall system cost 
since it requires the manufacture and installation of two individual components. Secondly, 
optical networks typically have a predetermined loss budget, if exceeded, can compromise 
signal integrity. Each component, in this case an optical filter, contributes some loss to 
the overall network. By using two separate filters to select a payload channel and a 
25 service channel, each filter negatively impacts a network's loss budget. 

Thus, there is a need for a filtering element used with optical communication 
systems capable of selecting a first and a second optical passbands. There is a further 
need to provide such a filtering element which reliably selects at least one wavelength 
corresponding to a payload channel as well as a wavelength corresponding to a service 
30 channel within an optical network. 

STTMM^Y OF THK INVENTION . 

The invention meets these needs and avoids the above-referenced disadvantages 
by providing an optical interference filter that is capable of selecting a first and second 
optical passbands. An optical interference filter is provided which comprises a substrate 
35 having a surface and a first stack deposited on the substrate surface. The first stack 
includes a first plurality of dielectric layers where each of selected ones of the first 

2 
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plurality of dielectric layers has a respective one of aplurality of first optical thicknesses. 

The plurality of optical thicknesses vary in a first direction-with respect to the substrate^ 

The interference filter further comprises a second stack which includes a second plurality 

of dielectric layers where each of selected ones of the second plurality of dielectnc layers 
5 hasarespectiveoneofapluralityofsecondopticalthicknesses. Theplurahty of optical 

thicknesses vary in the first direction with respect to the substrate. A spacer is mterposed 

between the first and second stacks. 

The foregoing, and other features and advantages of the present invention, will be 

apparent from the following description, the accompanying drawings and the appended 
10 claims. 

pore ? ngsnuP Tm QE THE ™» swings 

FIG. 1 illustrates a transmission spectrum (normalized to 1.55 urn) for an 

exemplary quarter-wave stack. 
15 fig. 2 illustrates a transmission spectrum (normalized to 1.55 um) for a single 

cavity optical interference filter. 

FIG. 3 schematically illustrates a quadratically chirped stack deposited upon a 
transparent substrate in accordance with the present invention. 

FIG 4 illustrates optical thickness values, in quarter-waves, for 15 d,electnc 
20 layersincludedwithinthestackshownmFIGSinaccordancewimme^ 

FIG. 5 is a graphical illustration of the optical thickness values of the dielectnc 

layers listed in FIG. 4. ... 

FIG. 6 illustrates a normalized transmission spectrum for an exemplary 15 layer 
quadratically chirped stack in accordance with the present invention. 
25 FIG. 7 schematically illustrates a single cavity interference filter in accordance 

with the present invention. 

FIG. 8 illustrates optical thickness values, in quarter-waves for a single cavity 
interference filter in accordance with the present invention. 

FIG 9 is a transmission spectrum normalized to 1 .55 um for the single cavity 
30 interference filter described with reference to Fig. 7 in accordance with the present 

invention. now.««. 

FIG 10 illustrates optical thickness values, in quarter-waves, for 119 layers 
included within a single cavity interference filter in accordance with the present invention 
FIG 1 1 is a transmission spectrum for the single cavity interference filter 
35 described with reference to Fig. 10 in accordance with the present invention. 
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FIG, 12 is a graphical illustration of the optical thickness values of the dielectric 
layers listed in FIG. 10. 

TVet AIT.KD DESC""™™ OF THE PRFFFBKTD EMBODIMENTS 

The present invention provides an optical interference filter that has high 
transmittance (or reflectance close to zero) for a first and a second optical passbands. In 
one embodiment of the present invention, the interference filter is capable of selecting a 
wavelength corresponding to a payload channel in the 1.5 um range and a second 
wavelength corresponding to a service channel in the 1.3 um range. In another 
embodiment, the interference filter is capable of selecting a wavelength corresponding to 
a payload channel in the 1 .5 um range and a wavelength corresponding to a service 
channel in the 1 .6 um range. It should be understood that the present invention can be 
configured to select other wavelengths as well as passbands which include a plurality of 

optical ^^ h ^ draw . ngs where ^ reference numbers indicate like elements, FIG 
3 schematically illustrates a fifteen layer stack 10 (also referred to as a mirror or partial 
mirror) deposited upon a transparent substrate 12 which can be, for example glass, silica, 
etc Stackl0includesdielectriclayersl3 1 ...13 N whereN=15inthisexemplary 
configuration. Each of the layers 13,...13 N alternates between a layer 13, with ahigh 
refractive index, such as Ta.O, (refractive index = 2.05), and a layer 13, with a low 
refractive index, such as Si0 2 (refractive index =1.44). The number of dielecmc laye, as 
well as the materials selected as the dielectric layers which form stack 10 are dependent 
upon the bandwidth of the desired filter. Exemplary materials, in action to *e ones 
mentioned above, include, but are not limited to, Ti0 2 (refractive index = 2^25), M 2 0 
(refractive index = 1.6), HfO, (refractive index =1 .971), Zr0 3 (refractive index = 2.035), 

^ Dielectric layers 13,...13 N have optical thickness values which are quacfratically 
chirped. (Because Fig. 3 is a schematic representation of a fifteen layer stack, the optical 
thicknesses of the layers shown are not to scale.) To describe what is meant by 
) cniadratically chirped, Fig. 4 illustrates exemplary optical thickness values 

L fifteen dielectric layers 13,. ..13, included in stack 10. It should be understood that 
these thicknesses are provided for illustrative purposes only with respect to exemplary 
passbands. As can be seen, layers 13, and 13 15 have substantially the same optical 
thickness, layers 13, and 1 3, 4 also have substantially the same optical thickness and so on 



4 



BNSOOCID:<WO 993681 1A1 I > 



WO 99/36811 PCT/US99/00836 

until layer 13,. which is the center layer and does not have a corresponding symmetric 
layer. The thickness of each layer vanes based on me follow 
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t. =1+0.15 



(N-n -n+1 
2 

(HrJQ 
2 



(1) 



30 



where t is the resulting optical thickness associated with a particular layer, N is the total 
number of layers used to form an individual stack or mirror and n is the number of the 
particular layer within the stack. The quadratic chirping of the dielectric layers composing 
a stack results in layers having substantially non-quarter wave optical thicknesses. FIG. 5 
is a graphical representation of the dielectric layer optical thicknesses of stack 10 shown 
in FIG 4 and in accordance with equation (1). As seen in FIG. 5, the graph has a 
somewhat concave shape, and hence equation (1) is referred to as a concave stack. It 
should be understood that adjacent layers within the quadratically clurped stack can have 
substantially equal optical thicknesses while retaining this considerable concave shape. 

FIG 6illustratesa transmission spectrum normalized to 1.55 um for the 
exemplary fifteen layer quadratically chirped stack 10 represented by equation (1) For 
normalized wavelength values from approximately .9. to 1 .2 (1 .5um range), stack 0 has a 
low trasmittance or high reflectance. However, in the 1 .3 pm range, referenced at 2* 
stack 10 produces a high transmission characteristic with almost no npple. Exemplary 
stack 10 with this transmission spectrum can be used as a partial mirror within an 
interference filter tuned to transmit a passband in the 1 .3pm range. 

Fig 7 schematically illustrates a single cavity interference filter 30 comprising a 
first stack 32 and a second stack 33 separated by spacer 35. The spacer can be a material 
with a low refractive index, such as Si0 2 (1.44). In accordance with the present 
invention, each of the stacks 32, 33 are quadratically chirped using equation (1) Fig. 8 
illustrates exemplary optical thickness values (Q for a thirty one layer (M) single cavity 
interference filter where dielectric layers 1-15 form first - ck32 ^ er 16C °^ ° 
the low index spacer 35, and layers 17-31 form second stack33. The ><*^*£ 
thickness values of these quadratically chirped layers is *°^*^"^ 5 
whichhave substantially the same optical ^—(1.150000^ 1^2-- 1^ 
have substantiate s^^ 

Similarly layers 17 and 31 have substantially the same optical thickness (1.1500000) 
la^lLd30 have substantially the same optical thicki,ess (1.1 102041) and so on for 
second stack 33. Again, it should be understood that these optical thicknesses are 
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provided for illustrative purposes only. In addition, when applying equation (1) to 
determine the optical thickness of each layer included in a cavity, it is important to point 
out that «N" refers to the number of layers in a stack and not to the number of total layers 
«M" in the cavity. Likewise "n" refers to the particular layer number in a stack and not to 
5 the layer number "m" within a cavity. For example, Fig. 8 lists 31 layers in the cavity, 
but for m=18, n=2 in equation (1) because the eighteenth layer in the cavity corresponds 
to the second layer in the second stack comprised of layers 17-31. Similarly, for m=30, 
n=14 because the thirtieth layer in the cavity corresponds to the fifteenth layer in the 
second stack. 

10 FIG 9 is an exemplary transmission spectrum normalized to 1.55 um for the 

single cavity, thirty one layer, interference filter shown in Fig. 7. As can be seen, a high 
transmission spike is present at W^l .0 which corresponds to a wavelength m the 1 .5 um 
range (approximately 1 550nm) and a relatively ripple-free transmission characteristic at 
approximately .845 which corresponds to a wavelength in the 1.3 um range 
15 (approximately 1310nm). Thus, a single cavity interference filter with a pair of 

quadratically chirped stacks provides high transmittance at a first passband in the 1.5pm 
range and at a second passband in the 1.3um range which can correspond to a payload 
channel wavelength and a service channel wavelength, respectively, within an optical 

network^ ^ fa accQrdance with ±e present invention can also be formed 

by depositing cavities having quadratically chirped stacks on top of other cavities having 
quadratics chirped stacks. For example, the thirty one layer single cavity filter 30 
described with reference to Fig. 7 can be deposited on top of another cavity, and so on, to 
form a multi-cavity interference filter. An additional coupling layer is deposited between 
the cavities. The resulting transmission spectrum for such a multi-cavity filter broadens 
the transmission of wavelengths in the 1550nm range while retaining the relatively ripple- 
free transmission characteristic corresponding to wavelengths in the 1310nm range. This 
is beneficial because the sharp peak at 1 of Fig. 9 is too narrow to tune a particular optical 
source associated with a payload channel wavelength (1.5pm range). 

In another embodiment of the present invention, an interference filter provides 
transmission for a first passband in the 1 .5pm range corresponding to a payload channel 
wavelength and for a second passband in the 1625nm range corresponding to a service 
channel wavelength. The alternative embodiment is based on the following equation: 
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t„ =1-0.06 



QtD-n+l 

_2 

03=1} 
2 



(2) 



where t„ is the optical thickness associated with a particular layer, N is the total number of 
layers used to form an individual stack or mirror and n is the number of the particular 
layer within the stack. In this embodiment, the wavelength distance from the payload 

10 channel range (1550 nm) to the service channel range (1625 run ) is approximately 75 nm. 
This is much shorter as compared to the distance between the same payload channel and 
the service channel in the 1.3um range which is approximately 240 nm. Because of this 
short distance, equation (2) includes a change in the magnitude of the chirp from 0.15 to 
.06. In addition, the number of layers in each cavity increases to approximately 119 where 

15 layers 1-59 form a first stack or mirror, layer 60 corresponds to a low index spacer 
material, and layers 61-1 19 form the second stack. Fig. 10 lists exemplary optical 
thickness values for the single cavity filter where layers 1 -59 corresponds to the first 
stack, layer 60 corresponds to the spacer, and layers 61-119 correspond to the second 
staclc. 

20 FIG. 1 1 illustrates an exemplary transmission spectrum for the single cavity, 1 19 

layer interference filter having the optical thickness values listed with reference to Fig. 10. 
As can be seen, a high transmission spike is present at approximately 1550nm while a 
relatively ripple-free transmission characteristic is present in the 1625nm range. Thus, a 
single cavity interference filter with a pair of quadratically chirped stacks provides high 

25 transmission at a first passband in the 1550nm range and at a second passband in the 
1625nm range which can correspond to a payload channel wavelength and a service 
channel wavelength, respectively, within an optical network. 

For illustrative purposes, FIG. 12 is a graphical representation of the optical 
thickness values for the dielectric layers listed in Fig. 10 producing a graph with a 

30 somewhat convex shape. 

Again, the interference filter can also be formed by depositing cavities havmg 
quadratically chirped stacks on top of other cavities having quadratically chirped stacks 
similar to the configuration shown in Fig. 7. For example, the 1 19 layer cavity described 
with reference to Fig. 1 1 can be deposited on top of another cavity with a couplmg layer 

35 therebetween to form a multi-cavity interference filter. The resulting transmission 

spectrum for such a multi-cavity filter broadens the transmission of wavelengths in the 
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1 550nm range shown in Fig. 12 while retaining the relatively ripple-free transmission 
characteristic corresponding to wavelengths in the 13 lOnm range. The multi-cavity filter 
increases and squares the passband associated with the payload channel wavelengths 
while retaining the relatively ripple-free transmission characteristic associated with 
5 service channel wavelengths in the 1625nm range. 

Although the invention has been particularly shown and described with reference 
to several embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the spirit 
and scope of the invention as denned in the appended claims. 
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WHAT IS CLAIMED IS: 

1. An optical interference filter comprising: 

a substrate having a surface; 

a first stack deposited on said surface of said substrate, said first stack including a 
first plurality of dielectric layers, each of selected ones of said first plurality of dielectric 
layers having a respective one of aplurality of first optical thicknesses, said plurality of 
optical thicknesses varying in a first direction with respect to said substrate; 

a second stack including a second plurality of dielectric layers, each of selected 
ones of said second plurality of dielectric layers having a respective one of a plurality of 
second optical thicknesses, said plurality of optical thicknesses varying in said first 
direction with respect to said substrate; and 

a spacer interposed between said first and second stacks. 

2. The optical interference filter in accordance with claim 1 wherein said first 
plurality of optical thicknesses varying in accordance with: 



t,, =1+0.15 



fN-n -n+1 
2 



l 2 



20 



25 



30 



35 



where t„ corresponds to respective optical thicknesses of said selected ones of said first 
plurality of dielectric layers, N corresponds to a total number of said first plurality of 
dielectric layers and n corresponds to a particular one of said first plurality of dielectric 

layers. . 

3. The optical interference filter in accordance with claim 1 wherein said 

second plurality of optical thicknesses varying in accordance with: 



t„=l+0.15 



fN-n -n+1 
2 

I 2 



where t. corresponds to respective optical thicknesses of said selected ones of said second 
plurality of dielectric layers, N corresponds to a total number of said second plurality of 
dielectric layers and n corresponds to a particular one of said second plurality of dielectric 
layers. 

4. The optical interference filter in accordance with claim 1 wherein said first 
plurality of optical thicknesses varying in accordance with: 
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t„ =1-0.06 



(N-n-n+ll2 
2 



2 



where t corresponds to respective optical thicknesses of said selected ones of said first 
plurality of dielectric layers, N corresponds to a total number of said first plurality of 
dielectric layers and n corresponds to a particular one of said first plurahty of dielectric 

layetS ' 5 . The optical interference filter in accordance with claim 1, wherein said 
second plurality of optical thicknesses varying in accordance with: 



30 



35 



t„ =1-0.06 



(N-n -n+1 




where 1. corresponds to respective optical thicknesses of said aeleeted ones of sard second 

Llectric layers and n corresponds to a particular one of said second plural.* of drelecmc 

^ 6 The optical interference filter in accordance with claim 1 wherein each of 
said firs, plurality of dielectric layers comprising material of alternating high and low 

refractive index. . , - 

7 The optical interference filter in accordance with claim 1 wherein each of 

said second plurality of dielectric layers comprising material of alternating high and low 

refractive index. b m . - 

8 The optical interference filter in accordance with claim 1 wherein said first 

plurality of dielectric layers are selected from the group consisting essentially of Si0 2 , 
TaA,Ti0 2 ,Al 2 0 3 >HfO,,andZr0 2 . 

9 The optical interference filter in accordance with claim 1 wherein said 
second plurality of dielectric layers are selected from the group consisting essentially of 
SiO J ,Ta 2 O s ,Ti0 2 ,Al 1 0 3 .HfO l ,andZr0 2 . m ;h 

7o The optical interference filter in accordance with claim 1 wherein said 
spacer is formed of a dielectric material having a low refractive index. 

10 
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11. The optical interference filter in accordance with claim 1 wherein said 
filter has an associated transmission characteristic comprising a first and second 

passbands. ^ interfere nce filter in accordance with claim 11 wherein said 
; first passband includes at least one optical channel having a wavelength in the 1.5pm 



range. 



13 The optical interference filter in accordance with claim 1 1 wherein said 
second passband includes at least one optical channel having a wavelength in the 1.3pm 



range. 
10 14- 



14 The optical interference filter in accordance with claim 1 1 wherein said 
second passband includes at least one optical channel having a wavelength in the 1 .6pm 



range. 



1 5 A multi cavity optical interference filter comprising: 
a plurality of cavities, each of said cavities being separated by a coupling layer, 
15 each of said plurality of cavities comprising: 

a first stack including a first plurality of dielectric layers, each of selected ones of 
said first plurality of dielectric layers having a respective one of a plurality of first opUcal 
thicknesses, said first plurality of optical thicknesses varying over a first group of said 
first plurality of dielectric layers; 
20 a second stack including a second plurality of dielectric layers, each of selected 

ones of said second plurality of dielectric layers having a respective one of a plurality of 
second optical thicknesses, said second plurality of optical thicknesses varying over a 
second group of said second plurality of dielectric layers; and 
a spacer interposed between said first and second stacks. 
25 16. The multi cavity interference filter in accordance with claim 15 wherein 

said first plurality of optical thicknesses varying in accordance with: 
t„ =1+0.15 



30 



(N-n -n+1 
__2 

2 



35 



where t. corresponds to respective optical thicknesses of said selected ones of said first 
plurali^ofdielectriclayers.Ncorrespondstoatotalnumberofsaidfi 

dielectric layers andnco^^^^ 



layers. 
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17. The optical interference filter in accordance witli claim 15 wherein said 
second plurality of optical thicknesses varying in accordance with: 



10 



15 



20 



t„ =1+0.15 



_2 , 

(Nil) 
L 2 



where^corresponds to respective optical thicknesses of said selected ones of sard s«:ond 

layetS ' 18. The optical interference filter in accordance with claim 15 wherein said 
first plurality of optical thicknesses varying in accordance with: 



t„ =1-0.06 



25 



fN-l.-n+l' 
2 



where t. corresponds to respective optical thicknesses of said selected ones of said first 

; ua h^ 

delayers *n«^»*v^~«^W«****" 

layeK ' 19 The optical interference filter in accordance with claim 15 wherein said 
second plurality of optical thicknesses varying in accordance w,th: 



t n =1-0.06 



30 



(N-n - n+1 
_2 



35 



whett L corresponds .0 respective optica! thicknesses of said se.ec.ed ones of said second 
, , -7 TniLric layers N corresponds to a total number of said second plorabty of 

layers. 
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20 The optical interference filter in accordance with claim 15 wherein each of 
said first plurality of dielectric layers comprising material of alternating high and low 

refractive index. u e 

21 The optical interference filter in accordance with claim 15 wherein each of 
said second plurality of dielectric layers comprising material of alternating high and low 

refractive index. . . 

22 The optical interference filter in accordance with claim 15 wherein each of 
said spacers is formed of a dielectric material having a low refractive index. 

23. The optical interference filter in accordance with claim 15 wherem said 
filter has an associated transmission characteristic comprising a first and second 



15 



20 



24 The optical interference filter in accordance with claim 23 wherein said 
first passband includes at least one optical channel having a wavelength in the 1.5um 

rail8e ' 25 The optical interference filter in accordance with claim 23 wherein said 
second passband includes at least one optical channel having a wavelength in the 1.3 urn 

^ 26. The optical interference filter in accordance with claim 23 wherein said 
coupling layer is a material having a high index of refraction. 

27. The optical interference filter in accordance with claim 23 wherein said 
coupling layer is a material having a low index of refraction. 
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